InP/InGaAsP eight-channel multimode interference (MMI) power splitters were successfully demonstrated. Optical transmission characteristics were measured on a 1 × 8 splitter, by means of near-field images with varying wavelength or output power measurement for transverse electrical/transverse magnetic (TE/TM) modes. On the basis of our results, a 1 × 8 MMI power splitter is considered to have good power balance at each channel within a ±1 dB imbalance in the wavelength range of 60 nm at the centered wavelength of 1540 nm for all incident modes.
Numerous types of power splitters have been proposed for many purposes in optical communication, such as star coupler, cascaded Y-branch, and multimode interference (MMI)-based splitters. Recently, MMI devices have received much attention for their use of photonic integrated circuits requiring low loss, good balance at each channel, compactness and ease of fabrication. [1] [2] [3] [4] [5] [6] There have been many research efforts exploring MMI itself as a power splitter or a coupler 1, 2) and also wavelength-division multiplexed (WDM) devices integrated with MMI.
3, 4, 7) However, there are few reports of experiments on MMI. In this paper, we will demonstrate the possibility of MMI as a power splitter, with good power balance at each channel and a broadband response to wavelengths over the 30 nm range. The characteristics of the MMI splitter in power splitting with the near-field image and transmission spectra at eight output waveguides will be discussed. The MMI splitter has broadband operation characteristics in power splitting over the 30 nm range. This is beneficial for the application of a power splitter in WDM networks.
The epitaxial waveguide structure shown in Fig. 1 (a) was composed of an InGaAsP core and InP cladding layers. The core layer InGaAsP has an optical bandgap of 1.1 µm and a thickness of 1.0 µm. The waveguide region and MMI region are deeply etched to 1.5 µm by employing CH 4 /H 2 reactive ion etching with 100 nm SiN x masking. Wet treatments are followed by reactive ion etching for smoothing and curing the etched side wall damage.
The 1 × 8 MMI was designed to have a center wavelength of 1540 nm and the MMI width of 32 µm, in order to have eight output channels, as shown in Fig. 1(b) . All the waveguides for input and output ports are designed to be 2 µm wide in order to have minimum polarization dependencies for the waveguide structure.
Depending on the calculation of the effective index method in the 32-µm-wide MMI region, the effective refractive indices are 3.2576 for the transverse electric (TE) incident mode and 3.2549 for the transverse magnetic (TM) incident mode. MMI length is determined by the number of output images, the average effective refractive index (n s ) between TE/TM modes in the MMI region, the effective MMI channel width (W e ) and a center wavelength (λ c ). The optimum length for a 1 × 8 MMI region is calculated to be 276.5 µm. Output ports have 4 µm spacing at the MMI region, and the output waveguides are designed to have 100 µm equal spacing at the measuring port.
Figures 2(a) and 2(b) show the near-field output profile for the TE and TM input modes. Spontaneous emission from the erbium-doped fiber was used for the incident beam. The output beam intensity distribution is captured by an IR camera. The output beam intensity of the TE and TM modes is bright at the center wavelength range of 1525 to 1555 nm. This result demonstrates the possibility of using the MMI as a power splitter in broadband optical communication, because the splitting ratios or intensities are not greatly disturbed by wavelength or incident mode variation. We also measured the wavelength dependencies of the splitter for the TE and TM modes, as shown in Figs. 3(a) and 3(b). The output power intensities at the output port were measured using an optical spectrum analyzer to verify the wavelength dependencies of the 1 × 8 MMI. The transmission intensities are normalized by a 2-µm-wide straight waveguide, then the loss of about 2-3 dB results from the MMI region. As shown in Figs. 3(a) and 3(b), optical power at the eight output channels is well balanced within ±1 dB from 1530 nm to 1560 nm for the TE/TM modes. The power-splitting performance for the TE incident mode is better than that for the TM mode, because the MMI length is designed according to the effective refractive index of the TE mode. sidering the large splitting ratio deviation in the wavelength region of 1560 nm to 1580 nm and the channel crossing appearance at the center wavelength of 1540 nm for the TE/TM modes.
In conclusion, we have shown the characteristics of the power-splitting ratios between the eight channels within a ±1 dB imbalance in the wavelength range from 1530 nm to 1560 nm. It was also shown that the experimental results agreed very well with the calculated transmission spectra. On the basis of the experimental results, the 1 × N or N × N MMI device is expected to be a potential candidate for a splitter for a broadband WDM system. at 32.5 µm. This result does not have a linear relation, but we can roughly express the shift to 10 nm/0.1 µm at the MMI width of ∼ 32 µm. In addition, the power balance between channels and optical losses degrades rapidly as the wavelength deviates from the center wavelength. We calculated the transmission characteristics of a 1 × 8 MMI power splitter using the BPM, shown in Figs. 4(a) for TE and 4(b) for TM. Since symmetry exists between channels 1-4 and channels 5-8, only half of the output channels are shown to avoid repetition. The power-splitting behaviors between calculation and measured results are nearly same conAs the wavelength deviates from the center wavelength region, the output optical power is decreased and the splitting performance is degraded. The optical power loss is significantly increased at the output channel, and the phenomena become worse at the center channels, in channel 4 and channel 5.
The center wavelength is determined by three factors; the effective index of materials (n eff ), the effective MMI width (W eff ), and the MMI length (L MMI ). For the simple calculation, we used the relation, λ c = n eff . W 2 eff /(8· L MMI ); then, the center wavelength shifts from 1493 nm to 1588 nm upon varying the MMI width from 31.5 µm to 32.5 µm. Also, we calculated the center wavelength by beam propagation method (BPM), and the results are 1492 nm at 31.5 µm and 1585 nm
